Introduction
Folkman first described angiogenesis in a carcinoma model demonstrating limited capacity for tumour growth beyond a certain size without the commensurate proliferation of a tumour vasculature (Folkman et al. 1963) . These studies created intense interest in the process of neovascularization in the adult organism under pathological conditions. Although limited work had been previously performed exploring vasoproliferation, studies of the growth factors that promoted tumour angiogenesis subsequently expanded to studies of therapeutic angiogenesis in ischaemic limbs and other systemic organs. Yet studies of angiogenesis in the lung, and its role in lung disease appear to have lagged behind those in other organs perhaps given the complexity of the lung with its two different circulatory beds. Neovascularization, the process whereby new vascular networks form, is separate from endothelial cell repair processes, and has been difficult to quantify and study as a unique in vivo entity. Angiogenesis, the growth of new perfusing capillary structures from an existing vasculature, shares many of the same properties and mechanisms as both arteriogenesis and vasculogenesis. While each of these physiological phenomena involves the formation of new functional blood vessels, vasculogenesis refers to de novo blood vessel development without initial connection to an existing vascular network (Warburton et al. 2000) . Vasculogenesis occurs during embryonic development and is facilitated by bone marrow-derived stem cell populations (Ribatti et al. 2015; Gao et al. 2016) . After a primary vascular plexus is formed, angiogenesis takes over as new capillaries sprout from the primary vascular structures constructed by differentiated endothelial cells. Within the adult organism, angiogenesis is the primary mechanism by which new vessels proliferate from an existing bed. However, some have described postnatal vasculogenesis (Ribatti et al. 2001; Asahara & Kawamoto, 2004) as the process whereby circulating endothelial progenitor cells or tissue-specific progenitor cells are incorporated into both existing vasculatures and sprouting angiogenic vessels (Duong et al. 2011 ). Yet it is not clear whether progenitor cells are able to independently reconstitute a neovasculature in the adult organism (Chamoto et al. 2012 , Hou et al. 2016 Wakabayashi et al. 2018) .
In general terms, arteriogenesis is a mechanism in place to protect and secure tissue blood supply if a main artery supplying a tissue is chronically obstructed (Simons & Eichmann, 2015) . In this case, collateral arteries or arterioles will proliferate, bypassing an occluded vessel thus maintaining tissue perfusion. It has been shown that unlike angiogenesis that is driven by local oxygen tension, arteriogenesis is likely driven by changes in upstream biomechanical forces and inflammatory cell mediators (Hsia, 2017) .
In a complex, well-vascularized organ like the lung, it is likely that these processes rarely occur individually but more commonly function in concert in response to pathological challenges. This review focuses on pathological settings where neovascularization occurs in the adult organism, and the challenges presented to defining this process.
General mechanisms of angiogenesis
Angiogenesis commonly occurs in response to local tissue hypoxia through both sprouting and non-sprouting processes involving endothelial cells. Endothelial cells play the predominant role in angiogenesis because they are the main target for molecular signals for growth, proliferation and migration. At the most basic level, tissues in need of oxygen and basic nutrients secrete pro-angiogenic molecules. Endothelial cells respond to growth factors by becoming invasive and protrude filapodia (Gerhardt et al. 2003) . These tip cells lead vascular sprouts, followed by stalk cells, which proliferate to elongate the sprout (Adams & Eichmann, 2010; Geudens & Gerhardt, 2011) . Tip cells can connect with neighbouring tip cells and form new vessel circuits. The most studied driver of this process is vascular endothelial growth factor (VEGF)-A released by hypoxic tissue, which binds to VEGF receptor 2 (VEGFR2) expressed on endothelial cells (de Vries et al. 1992; Breier et al. 1995) . Endothelial cells with high VEGFR2 activity become tip cells and instruct neighbouring cells to become stalk cells by the upregulation of Notch ligand delta-like 4 (DLL4), which activates NOTCH1 leading to suppression of VEGFR2 in stalk cells (Jakobsson et al. 2010) . Interestingly, tip cell migration was shown to respond to a VEGF-A gradient, while proliferation responds to its concentration (Gerhardt et al. 2003) . After a VEGF-A gradient is established to guide endothelial sprouting, the local extracellular matrix is degraded by several other tissue factors to allow for endothelial cell migration (Wells et al. 2015; De Palma et al. 2017) . In addition to VEGF-A, interleukin-8 (IL-8), basic fibroblast growth factor (bFGF), angiopoietins, matrix metalloproteinases (MMPs) and numerous inflammatory cell mediators have been shown to regulate the process of endothelial cell proliferation and angiogenesis and have been extensively reviewed (Keeley et al. 2008; Eelen et al. 2015; De Palma et al. 2017; Todorova et al. 2017) .
Less well understood is another form of neovascular expansion, intussusceptive angiogenesis, a non-sprouting process whereby an intravascular pillar forms that spans the interior lumen of a capillary resulting in the generation of two daughter vessels (Caduff et al. 1986 ). Models suggest this process is highly dependent on changes in shear stress, may not require predominant endothelial cell proliferation (Mentzer & Konerding, 2014; Hsia, 2017) , and may be uniquely sensitive to microenvironment growth factor concentration (Gianni-Barrera et al. 2011; Gianni-Barrera et al. 2014 ).
Endothelium
Endothelial cell responses have shown substantial heterogeneity between organ systems, vascular beds within an organ, and even cells within the same region of a single vascular bed (Aird, 2012) . Endothelial cells maintain barrier function, recruit leukocytes and contribute to vasomotor tone in addition to their role in angiogenesis. The structure of endothelium lining capillaries can be continuous, fenestrated or discontinuous depending on the function of that specific vascular bed. A continuous endothelium, as in the lung, is responsible for tightly regulating permeability and transport of fluids and solutes across cell barriers. The innate properties of each circulation's ability to undergo angiogenesis are a direct representation of the endothelial cells in each vascular bed. Within the lung, examining heterogeneity between endothelial cells of the pulmonary and bronchial circulation with regard to surface receptors, proliferative capacity and bioenergetics might explain the differences between each circulation's responses to angiogenic stimuli.
Numerous studies have investigated differences in the endothelium of the pulmonary circulation where functional differences exist among cells from pulmonary arteries, arterioles and the microvasculature. Differences in leukocyte trafficking, expression of calcium channels, and cell surface markers have been observed between endothelial cells of the pulmonary vasculature (Stevens, 2011; Uhlig et al. 2014; Townsley, 2018) . However, less is known about phenotypic differences between pulmonary and bronchial endothelium. In the few reported studies, differences exist between pulmonary and bronchial endothelial cells (Moldobaeva & Wagner, 2003; Eldridge et al. 2016) , as well as aortic endothelial cells (Moldobaeva et al. 2008 ) with regard to in vitro proliferative capacity and surface marker expression. Whether angiogenic capacity is predicted by anatomical, physiological or ontological properties of each vascular bed is unstudied. Recent work exploring general mechanisms of angiogenesis has focused on bioenergetics of endothelium (Potente & Carmeliet, 2017) . Endothelial cells are highly glycolytic and when endothelial cells switch from a quiescent state to a pro-angiogenic state, glycolysis is further accelerated (De Bock et al. 2013) . Pro-angiogenic molecules have been shown to increase glucose uptake and drive glucose activators. Although energetic yield is low, glycolysis can produce ATP faster and it makes endothelial cells more hypoxia resistant. Interestingly, glycolysis differs in endothelial cell subtypes with arterial endothelial cells more oxidative and microvascular endothelial cells more glycolytic and proliferative (Krutzfeldt et al. 1990; Parra-Bonilla et al. 2010; De Bock et al. 2013) . Whether the bioenergetics of pulmonary compared with bronchial endothelium can explain angiogenic propensity requires investigation.
Within a subset of pulmonary vascular endothelial cells, Alvarez and colleagues demonstrated a population of microvascular endothelial cells with high proliferative capacity (Alvarez et al. 2008 
CD133
+ ) shown to be elevated in subjects with pulmonary arterial hypertension (Asosingh et al. 2008 ) and involved in changes in the pulmonary vascular wall after extended periods of hypoxia (Davie et al. 2004 ). Yet the importance and function of tissue resident cells appear to be more related to endothelial repair processes than angiogenesis in the adult. The Tatsumi laboratory has shown in lung injury models of chronic hypoxia and LPS , tissue-resident cells increase, are highly proliferative, form matrices in vitro and appear to contribute to pulmonary vascular repair in vivo. Whether J Physiol 597.4 circulating or tissue-resident progenitors actually engraft (Ohle et al. 2012; Sekine et al. 2016 ) is an exciting area of research with therapeutic implications for reversal of injury. However, more basic information is needed to support a role for tissue resident progenitor cells in pulmonary angiogenesis.
Challenges to the measurement of lung angiogenesis
The lung provides unique growth conditions for angiogenesis because of its oxygen-rich environment and unique, ever-moving matrix with dual circulations. Since the entire cardiac output flows through the pulmonary circulation, capillary recruitment and changes in blood flow provide rapid adaptations for the need for increased perfusion. The pulmonary circulation, a high flow low-pressure circuit, is responsible for efficient gas exchange and is sensitive to any mechanical and chemical changes. The systemic circulation to the lung, the tracheal and bronchial vasculatures, exposed to systemic arterial pressures, constitutes less than 2% of the cardiac output normally (Onorato et al. 1994) . The bronchial circulation provides nutrient blood flow to conducting airways to the level of the terminal bronchioles as well as to nerves, lymph nodes, visceral pleura and the walls of large pulmonary vessels, and drains into the pulmonary arteries and veins (Butler, 1992) . Because phenotypic differences exist in the two vasculatures, it cannot be assumed that each has similar angiogenic potential. Herein lie several substantial challenges to quantify and measure angiogenesis in the lung. (1) Confirming the growth of bronchial endothelial networks relative to the pulmonary vasculature requires discrimination and quantification of vessels based on labelling, location and perfusion patterns. While it is conventional to label endothelium with anti-CD31, anti-CD34, or anti-von Willebrand factor, both bronchial and pulmonary endothelial subtypes can take up these labels equivalently as do native compared with angiogenic vessels. Quantification based on these labels alone will lead to erroneous conclusions. These markers, also used for cell sorting or quantification using flow cytometry, are subject to similar criticism. Additionally, other cell types express these cell surface markers adding to errors of quantification. (Piali et al. 1995; Sadler, 1998; Nielsen & McNagny, 2008; Privratsky et al. 2010) . (2) Furthermore, morphometric studies of vessels within the lung require strict adherence to fixation protocols at uniform lung volumes and/or pressures to ensure that vessel densities are determined over equivalent areas (Hsia et al. 2010; Mitzner & Ochs, 2018) . Lung consolidation due to disease processes can complicate the evaluation of vessel density/unit area. (3) In vitro models estimating proliferation, migration and tube formation require phenotypically relevant endothelial subtypes but do not confirm in vivo perfusing networks under physiological pressures. (4) Angiogenesis (i.e. the growth of new perfusing vascular circuits) is not equivalent to vascular remodelling where endothelial cell proliferation may be part of endothelial repair processes albeit influenced by common growth factors. (5) Capillary growth characteristics measured in implanted artificial gels or matrices lack normal ventilatory expansion, which may play a significant role in vascular expansion (Mammoto et al. 2016; Hsia, 2017) . (6) In vivo estimates of blood flow through each circuit can be assessed independently using radiographic techniques with contrast. The time course of changes during matched steady-state conditions may provide information of increased vascularity. In animal models, multi-colour labelled microspheres allow for postmortem analysis of the extent and magnitude of perfusion distribution of each vasculature (Bernard et al. 1996; Eldridge et al. 2016 ). Yet analysis can be complicated by vasodilation and increased blood flow, which are not equivalent to neovascularization. This is especially true for the pulmonary vascular bed where vascular recruitment constitutes an important mechanism to accommodate increased blood flow. Each of these six factors contributes to current experimental challenges and complications in interpretation of assessing true angiogenesis in the lung.
Angiogenesis in lung pathologies
Asthma. Perhaps the most clearly documented is the neovascularization of both tracheal and bronchial arteries that occurs in hyperreactive airways disease in patients with asthma as well as several animal models of airways diseases. Kuwano et al. (1993) demonstrated in postmortem lungs an increase in airway vascularity in asthmatic subjects compared to normal controls as well as subjects with chronic obstructive pulmonary disease (COPD). Supporting this work using bronchoscopic biopsies from major airways of normal control subjects and patients with mild asthma, an increase in vessel density as well as in vessel size was demonstrated (Li & Wilson, 1997) . In bronchial biopsy materials, Barbato et al. (2006) showed that atopic children without asthma showed increased airway vascularity as well as those with asthma compared to normal controls. Providing an in vivo assessment, Tanaka and colleagues, used a high-magnification bronchovideoscope and showed significantly increased vessel numbers in the lower trachea of asthmatic subjects compared to normal controls. This increased number was not altered by the use of inhaled corticosteroids (Tanaka et al. 2003) . To explore the mechanisms responsible for this neovascularization, biopsy material and bronchoalveolar lavage fluid were shown to express increased VEGF, its receptors and angiopoietin-1 in asthmatic subjects relative to controls, suggesting their potential importance in the process of airway neovascularization (Feltis et al. 2006) . Numerous animal models have been developed to study airway angiogenesis. The McDonald laboratory, in a series of studies, has demonstrated tracheal angiogenesis after Mycoplasma pulmonis infection in mice and rats (McDonald, 2001) . Overall, results demonstrated that vascular remodelling and neovascularization were largely due to angiopoetins and Tie signaling . Unfortunately, due to the cartilaginous structure of the trachea and its lack of effect on overall airway resistance, the effect of altered vascularity on airway function was obscured. In rat models of repeated exposure to allergen, increased airway vascularity has been demonstrated and was associated with enhanced reactivity (Karmouty-Quintana et al. 2012; Wagner et al. 2015) . Several investigators have attempted similar models of allergen-induced reactivity in mice. However, examination of changes in airway vascularity has been equivocal since mice lack a sub-carinal bronchial circulation (Mitzner et al. 2000) . Histological examination of parenchymal units, using endothelial markers such as CD31 or vWf did not discriminate between bronchial and pulmonary vessels. Hence, evaluation of angiogenesis has been imprecise in these models (Yao et al. 2015; Asosingh et al. 2016) .
COPD. Tanaka and colleagues, using a high-magnification bronchovideoscope showed no difference in vessel numbers in the lower trachea of patients with COPD compared to normal controls (Tanaka et al. 2003) . Recently, Fathy et al. (2016) showed, using imageenhanced bronchoscopic images, that although there was increased erythema in subjects with COPD, assessment of biopsy samples suggested a decrease in vessel density. They speculated that vasodilatation contributed to the enhanced erythema and not angiogenesis. Results are consistent with the earlier morphometric work of Kuwano showing no difference between vessel numbers in patients with COPD compared to healthy controls (Kuwano et al. 1993) .
Cystic fibrosis. Haemorrhage and haemoptysis are frequent complications of patients with cystic fibrosis requiring bead embolization of small bronchial arteries. Based on information from the interventional radiology literature, bronchial arteries undergo both hypertrophy and angiogenesis, presumably the result of chronic inflammation (Holsclaw et al. 1970; Hurt & Simmonds, 2012) . Most cystic fibrosis patients have recurrent haemoptysis because embolized vessels open back up, but most times the bleeding region gets new collateral supplies from proximal bronchial or other systemic arteries (subclavian, lateral thoracic, thoracoacromial arteries). Epithelial cells from cystic fibrosis patients have been shown to express several angiogenic growth factors such as VEGF-A, VEGF-C, bFGF, and PLGF. As might be expected, conditioned medium from these cells cause in vitro endothelial cell proliferation, migration and sprouting (Verhaeghe et al. 2007 ).
Fibrosis. In 1963 Turner-Warwick observed an extensive bronchial vascular network with increased bronchial-pulmonary anastomoses and an unchanged pulmonary vasculature in 12 of 16 lungs from patients with diffuse pulmonary fibrosis (Turner-Warwick, 1963) . In support of this observation, bronchial angiogenesis was demonstrated in a bleomycin rat model, which showed both increased vascularity of peribronchial regions and some distortion of alveolar capillaries (Peao et al. 1994) . Thus, there has been a clear demonstration of bronchial vascular angiogenesis in fibrosis. Ackermann and colleagues have demonstrated in corrosion casts of the pulmonary vasculature examples of both sprouting and intussusceptive angiogenesis in a bleomycin mouse model (Ackermann et al. 2017) . Growth factors, angiostatic factors, and endothelial cell apoptosis have been measured in the lung parenchyma of fibrotic lungs indicative of vascular remodelling (Mammoto et al. 2016; Bultmann-Mellin et al. 2017) . Some investigators have used the term deregulated angiogenesis to describe this pathological remodelling (Mammoto et al. 2016 ). Yet whether these parenchymal changes in the pulmonary circulation result in true angiogenesis with new functionally perfusing vessels requires further in vivo study.
Pulmonary chronic thromboembolism. Interestingly, Turner-Warwick's careful anatomical studies comparing the circulations of diseased lungs with normal human lungs demonstrated that no pulmonary precapillary bronchial to pulmonary anastomoses existed in normal healthy lungs (Turner-Warwick, 1963) . Only under conditions of diseased lung do precapillary bronchial to pulmonary vessels proliferate. These changes are most evident under conditions where a pulmonary artery is obstructed. Massive bronchial arterial arteriogenesis and angiogenesis have been demonstrated in humans (Karsner & Ghoreyeb, 1913; Endrys et al. 1997; Remy-Jardin et al. 2004) , sheep (Charan & Carvalho, 1997) , pigs (Fadel et al. 1998) , dogs (Michel et al. 1990) , rats (Weibel, 1960) and mice (Mitzner et al. 2000) . Recent work suggests that inflammatory mediators released by myeloid-derived cells and tissue ischaemia lead to recruitment, proliferation and growth of bronchial vessels (Moldobaeva et al. 2011) . Since tissue hypoxia is not present in this ventilating lung situation, VEGF and hypoxia-inducible factor (HIF)-related factors appear not to play a significant role in angiogenesis (Srisuma et al. 2003) .
Chronic hypoxia. Studies of angiogenesis in the lung in models of chronic hypoxia have documented changes to both the bronchial and pulmonary vascular beds.
J Physiol 597.4
Davie demonstrated in histological samples obtained from calves raised at altitude an increase in the vascularity of the vasa vasorum in the pulmonary arterial walls (Davie et al. 2004) . These vessels originate from branches of the bronchial artery. Results suggested that bone marrow-derived progenitor cells were incorporated into the newly remodelled vasculature. Furthermore, adventitial fibroblasts, through endothelin-1 secretion, demonstrated pro-angiogenic properties (Davie et al. 2006) .
One of the few instances of pulmonary capillary angiogenesis was shown by the McLoughlin laboratory, which studied rats exposed to hypoxia (10% oxygen) for 2 weeks. Using stereoscopic techniques, these investigators showed an increase in total pulmonary vessel length, vascular volume, endothelial cell surface area and number of endothelial cells (Howell et al. 2003) . This work was somewhat controversial since most studies have demonstrated increased pulmonary resistance with expectations of vascular pruning (Meyrick & Reid, 1983) , the opposite of what McLoughlin and colleagues reported. Yet others have confirmed hypoxia-induced pulmonary angiogenesis (Beppu et al. 2004; Nishimura et al. 2015) and demonstrated that Rho kinase mediates hypoxia-induced capillary angiogenesis in the chronically hypoxic rat model (Hyvelin et al. 2005) .
Lung pneumonectomy.
Another well-documented instance of pulmonary vascular angiogenesis occurs after pneumonectomy. After removal of a lung lobe there is significant lung remodelling that takes place whereby mechanical stress induced by changes in air and blood flow provide the major stimulus for alveolar capillary growth (Hsia et al. 1994 ). An upregulation of pro-angiogenic molecules over the course of weeks leads to the formation of new capillaries from existing vessels through the process of intussusceptive angiogenesis (Hsia et al. 1994; Hsia, 2017) . Incorporation of blood-borne CD34 + endothelial progenitor cells also contributes to neovascularization (Chamoto et al. 2012) .
Cancer. Tumours in the lung are angiogenic, non-angiogenic, or a combination of both, and it remains to be determined which circulation is proliferating under such conditions. Several studies utilizing contrast enhanced computed tomography scanning have implicated major roles of both the pulmonary and bronchial circulations in tumour perfusion. Since these studies were performed in patients, perfusion data were limited to a single time point, without subsequent experiments examining how each vascular bed changed with tumour size (Yuan et al. 2012; Nguyen-Kim et al. 2015) . Further examination of the angiogenic potential of the pulmonary and bronchial circulation independently could provide valuable information for novel therapies and increased drug specificity by targeting one circulation directly. Yuan and colleagues outlined a detailed method for contrast enhanced CT scanning to quantify tumour perfusion. They concluded that the bronchial circulation was dominant and the tumour circulation was dependent on tumour size (Yuan et al. 2012) . Complimenting this finding, Nguyen- Kim et al. (2015) , utilizing similar methods, confirmed that tumour perfusion was correlated with tumour size as well as histological subtype. While these studies advanced imaging protocols for bronchial perfusion in patients and provided information on potential vascular relationships with tumour size, the number of scans or surgical interventions was limited. Using contrast enhanced CT of nude rats after implant of non small-cell lung cancer, only bronchial perfusion was increased to the growing lung tumour. Furthermore, ablation of the bronchial artery after the initiation of tumour growth resulted in significant reduction in tumour volumes at 4 weeks post-ablation (Eldridge et al. 2016) .
Pulmonary arterial hypertension. Although several studies have referred to the endothelial proliferation observed in pulmonary arterial hypertension (PAH) as angiogenesis, this process is more commonly seen as vascular remodelling and not strictly fitting the definition of establishing new vascular networks. However, in patients with PAH, new expanded bronchial-pulmonary anastomoses were observed (Galambos et al. 2016) . This process was shown to be similar to that described originally by Turner-Warwick (1963) .
Lymphangiogenesis. Lymphatic endothelium contributes to an additional vascular network in the lung performing an essential regulatory mechanism to promote fluid homeostasis and immune cell transit. However, the mechanisms that regulate lymphangiogenesis to enhance fluid clearance in lung pathologies are not well understood. Limited work demonstrates that bacteria-induced angiogenesis in the mouse trachea predicts subsequent lymphangiogenesis (Baluk et al. 2005) . In solid tumours, both angiogenesis and lymphangiogenesis contribute to tumour progression and metastasis (Lee et al. 2015) . The parallel process of blood vascular endothelial proliferation coupled to lymphatic endothelial network proliferation appears to be a consistent observation throughout the body (Detoraki et al. 2010; Sweat et al. 2012; Lee et al. 2015) . Angiogenic blood vessels are well described as being hyperpermeable, and in such local environments, increased interstitial protein and fluid clearance would be required. However, lymphangiogenesis in the lung, despite documented pathological angiogenesis, has not been extensively studied. Studies suggest that abnormal lymphangiogenesis may play a role in the remodelling process seen in patients with idiopathic pulmonary fibrosis (El-Chemaly et al. 2009 ).
Conclusion
Angiogenesis has been shown to occur in several inflammatory conditions in the lung leading to proliferation of the bronchial vasculature with the growth of new capillary networks as well as larger bronchial-topulmonary anastomotic connections. However, it is unclear whether the angiogenesis is essential or whether it is merely a fellow traveller due to persistent inflammatory sequelae. Given the caveats to interpretation of current methodologies, it is important not to be too quick to use the term angiogenesis, which implies a functional network.
